The wetting of solid surfaces can be manoeuvred by altering the energy balance at the interfacial region. While electric field acts favourably to spread a droplet on a rigid surface, this tendency may be significantly suppressed over soft surfaces, considering a part of the interfacial energy being utilized to deform the solid elastically by capillary forces. Here, we bring out a unique mechanism by virtue of which addition of nano-particles to the droplet brings in a favourable recovery of the electro-spreading characteristics of a soft surface, by realizing an alteration in the effective dielectric constant of the interfacial region. Our experiments further demonstrate that this mechanism ceases to be operative beyond a threshold volume fraction of the particle suspension, due to inevitable contact line pinning. We also develop a theory to explain our experimental observations. Our findings provide a non-contact mechanism for meniscus spreading and droplet control, bearing far-reaching implications in biology and engineering.
Most practical materials are intrinsically soft and deformable 1 . Wetting of such materials [2] [3] [4] [5] [6] has been receiving continuous attention, considering its outstanding relevance in self-organization of soft tissues 1, 7 , wound healing 7 , metastatic spreading of cancer cells 8 , functionalities of polymer gels 9 , as well as practical applications in micropatterning of elastomeric surfaces 3 , microfluidics 2 and inkjet printing 10 . Over the past years, the interaction of the contact line with the elastic behaviour of a deformable surface, leading to a local micros-scale formation known as wetting ridge, has been extensively investigated [3] [4] [5] [6] [11] [12] [13] [14] . Despite a plethora of diverse applications, one fundamental property that has been continuously probed over the years is the contact angle of a liquid drop on a soft solid substrate 2, [15] [16] [17] .
Electrowetting on dielectric (EWOD) has emerged to be one of the most elegant and effective mechanisms of altering the state in interfacial energy of a solid surface being wetted by a droplet, manifested by a lowering of the contact angle [18] [19] [20] [21] [22] [23] . In EWOD, a solid electrode is coated with a hydrophobic layer of dielectric material 10, [24] [25] [26] [27] . Simultaneously, a conducting liquid droplet is deployed as the other electrode so as to form a capacitive structure, albeit with an effective contact area with the electrode that in turn depends on the extent of spreading of the droplet on the dielectric layer [28] [29] [30] [31] [32] [33] [34] . By applying a voltage between the droplet and the insulator-covered electrode, the contact angle of the droplet can be drastically reduced as compared to the Young's angle, as attributable to a reduction in the effective solid-liquid interfacial energy 35, 36 . EWOD finds extensive applications in digital microfluidics 29 , biological assays 37, 38 , liquid papers 39 , liquid lenses 40, 41 , to name a few.
While EWOD on ideal rigid substrates has been shown to be highly effective towards enhancing the spreading of droplets, the extent of spreading has recently been shown to be significantly arrested when experiments are conducted on a soft substrate 28, 42 . However, such soft substrates are inevitable in most practical applications having biological relevance. Therefore, the quest of recovering the enhanced droplet spreading, which could have otherwise been realized had this surface been ideally rigid, turns out to be an outstanding proposition in interdisciplinary science.
Here, we report a strategy of recovering the intrinsic electro-spreading characteristics of a droplet on a soft substrate by deploying optimal suspensions of nanoparticles. We bring out the physics of this intriguing phenomenon by appealing to the energetics of the droplet-substrate interface, and arrive at a modified Young-Lippman equation capable of explaining this remarkable behaviour. Further, our results demonstrate that the recovery of spreading behaviour with the aid of nanofluid suspensions ceases to be effective beyond a threshold particle concentration, as attributable to contact line pinning.
The schematic of our experimental setup is shown in Fig. 1 . The details of materials and methods are given in the Supplementary material (SM). The change in apparent contact angles of sessile droplets with and without nanosuspension atop the deformable solid with increasing applied electrical voltage is shown in Fig. 2 (a) . The augmentation in the electrospreading of sessile droplet with the addition of nanoparticle is conspicuous. This observation is non-intuitive , and contrary to the spreading characteristics of pure liquid droplet under EWOD on soft dielectric that gets arrested due to the deformation near the three phase contact line 12-15, 26,28 as compared to the spreading on rigid dielectric films ( Fig. 2 (b 
The electrowetting of droplets with nanosuspension on deformable soft dielectric may lead to the deviation from the classical Young-Lippmann theory due to nanoparticles adsorption or absorption across the droplet interfaces and electro-elasto capillary interactions. When a neutral dielectric comes in contact with an aqueous electrolyte, a charge is developed on the surface of the dielectric 43, 44 , which is often attributed in the negative zeta potentials (ζ) shown by such systems 45 . From the electro-capillarity based approach to EWOD 46, 47 , we know that the application of external electric field results in the formation of an electric double layer (EDL) at the droplet-dielectric film interface ( Fig. 1 (a) , Supplementary material (SM), Fig. S1 (a) ). This spontaneous charge accumulation at the interface is responsible for the reduction in solid-liquid interfacial ( ) SL  tension 46, 47 . The change in the solid-liquid interfacial tension can be written at the solid-liquid interface, which is same as the net charge density of the counter ions in the EDL 47 . When polystyrene nanoparticles are added to the sessile droplet, a charge develops on the surface of the nanoparticles 17, 48 ( Fig. 1 (d) ). The addition of nanoparticles thus causes an increase in the effective charge density of counter-ions V for the same dielectric layer softness (E=0.02 MPa), however, at higher concentrations the slope decreases ( Fig. 2 (a) ). This observation could be attributed to the fact that, as the concentration of nanoparticles increases, the charge density of counter ion cloud generated by the added nanoparticles increases, thereby causing a net increase in the effective charge density of counter ions cloud at the dropletdielectric interface 49 . Before further delving into the effect of nanoparticle concentration on the electrowetting performance, it is worthwhile to take a look at the effect of nanoparticle concentration on the wetting and pinning of the TPCL of a sessile droplet. The solid-like ordering of the nanoparticles at the TPCL [49] [50] [51] [52] has been found to enhance the structural disjoining pressure resulting in enhanced droplet spreading 52 . The wetting of droplet increases with increase in the concentration of nanoparticles during electrowetting, however, the wetting gets arrested at higher value of nanoparticle concentration. At lower concentration, the nanoparticles provide a lubricating effect and enhances the droplet spreading 22 ( Fig. 2 (a) ). The reason for decrease in the spreading of droplet at higher nanoparticle concentration is mainly due to enhanced contact line pinning. We observed that the Young-Lippmann equation (Eq. 1) fails to follow the experimental observations for the nanofluid sessile droplet (Fig.2 (a) ), and hence corroborates the fact that the altered solid-liquid interfacial charge density (Eq. 2) affects the electrowetting of a sessile nanofluid droplet over a soft solid. Now, the effect of addition of nanoparticles on droplet spreading can be quantified in terms of change in chemical potential 53, 54 or 
This equation can further be modified as
where, Understandably, the Young-Lippmann equation in its classical form is unsuitable for electrowetting over a deformable surface as it does not take into consideration the effect of energy dissipated in the wetting ridge displacement as well as the effect of Maxwell stresses acting at the droplet-dielectric interface at the TPCL ( Fig. 1 (c) Fig. S6 ) as predicted by equation (7). As depicted in Fig. 2 (a) , the modified Young-Lippmann equation (Eq. 8) offers a better approximation as compared to the classical Young-Lippmann equation.
After discussion on the electrospreading of droplets on soft solids, we here put some highlights of the droplet behavior on a non-deformable solid with varying colloidal suspension. , which is almost absent in case of 0.001 and 0.01 % w/w suspension droplets. Therefore, the effect of pinning force cannot be neglected for the droplets with a higher concentration of nanoparticles like the case of soft solids. The increased pinning force at higher nanoparticle concentrations is due to increased particle-particle interactions. As the nanoparticle concentration is increased, more numbers of particles are packed in the same volume, and this upsurges the interaction amongst the particles that results in an increased pinning force. This pinning force was observed to be proportional to the applied voltage ( ) V and thus an electrostatic origin of this force cannot be ruled out. 
K is a constant depending upon the nanoparticle concentration in the droplet and the properties of the dielectric layer as well. With this pinning force, equation (6) can be re-written as
where, act V is the actuation voltage and H is the Heaviside step function.
Based upon the values of * r  for 0.001 and 0.01 % w/w nanoparticle concentration (Equation (7)), we calculated the value of The key insight here is that there is competing effect between the alterations in the substrate free energy due to the modified dielectric nature of the surface, which is counteracted by the enhanced contact line pinning due to interfacial particle deposition. This provides a generic mechanism that may be operative for a wide variety of electro-spreading processes relevant to objects spreading on soft media, bearing critical implications in a wide range of bio-physical and bio-chemical processes for in-vitro applications. The ability of modulating the droplet spreading using the nanoparticle and varying the effective wettability of the soft surface under imposed electrical field may find relevance in many state of art applications such as flexible optical
